Worldwide, mortality from cervical cancer in women remains high. This study aimed to investigate the expression of long noncoding RNA (lncRNA) TP73-AS1, microRNA-329-3p (miRNA-329-3p), and the SMAD2 gene and their regulatory relationships in human cervical cancer tissue and cervical cancer cell lines.
Background
Worldwide, cervical cancer is the second most common malignancy in women, after breast cancer, and has a high mortality rate [1] [2] [3] . Currently, there are many treatment approaches, including surgery, chemotherapy, and radiotherapy, but these are not always satisfactory, particularly in late-stage cervical cancer [4] . Mortality rates from cervical cancer in developing countries are higher than in developed countries [5] . Therefore, there is an urgent need to find more effective treatments for cervical cancer [6] . Recent studies that have identified specific tumor markers have shown promise in the prevention and treatment of cervical cancer [6] [7] [8] .
Long non-coding RNAs (lncRNAs) are transcripts of more than 200 nucleotides and have no protein-coding potential [9] . LncRNA P73 antisense RNA 1T (TP73-AS1), located on chromosome 1p36, has been identified in hepatocellular carcinoma [10] , breast cancer [11] , glioma [12] , esophageal squamous cell carcinoma [9] and ovarian cancer [13] , where it has been shown to promote cell proliferation and tumorigenesis [9] [10] [11] [12] [13] . However, the underlying mechanism of lncRNA TP73-AS1 in cervical cancer remains unknown.
MicroRNAs (miRNAs) are also conserved non-coding genes, which play an important role in regulating the biological behavior of cells [14] . Specific miRNA expression profiles have been found in cancer cells [14] . Some miRNAs can promote apoptosis and change the chemosensitivity of cervical cancer cells through regulating target genes, including miR-375, miR-214, and miR-218, but other miRNAs can inhibit apoptosis, such as miR-181a-5p [15] . Therefore, miRNAs are expected to be new targets for the diagnosis and treatment of cervical cancer [14] . Also, miR-329-3p, as a tumor suppressor gene, has been shown to inhibit cervical cancer cell proliferation, migration, and invasion [15] . Recently, interactions between lncRNA-miRNA and miRNA-mRNA have gained attention in research studies [16] . A previous study has shown that lncRNA TP73-AS1 promoted the proliferation of breast cancer cells by targeting miR-200a [11] . Also, miR-329-3p has been shown to target mitogen-activated protein kinase 1 (MAPK1) to inhibit the growth of cervical cancer cells [15] .
SMAD2 is a key component of transforming growth factor-b (TGF-b) signal transduction, and blocking SMAD2 has been shown to inhibit tumorigenesis, epithelial-mesenchymal transition (EMT), and cell migration induced by TGF-b [17] . Also, overexpression of SMAD2 has been shown to promotes the G1/S phase transition to enhance cervical cancer cell proliferation and EMT [18] .
Therefore, this study aimed to investigate the expression of lncRNA TP73-AS1, miRNA-329-3p, and the SMAD2 gene and their regulatory relationships in human cervical cancer tissue and cervical cancer cell lines. Also, because the mutual regulation of these three factors in cervical cancer has not previously been reported, lncRNA TP73-AS1 and miR-329-3p or miR-329-3p and SMAD2 were investigated using the StarBase and TargetScan databases for cervical cancer tissues and cells.
Material and Methods

Tissue samples
Cervical cancer tissue samples (n=30) from gynecological surgical resection specimens or outpatient cervical biopsies were obtained from patients treated at Sun Yat-sen Memorial Hospital. The included patients did not receive chemotherapy or radiotherapy before surgery or biopsy. Normal cervical tissue samples (n=30) were obtained from patients who underwent hysterectomy for benign conditions during the same time as the controls. Tissue samples were stored at -80°C for subsequent experiments. All tissue samples were obtained from patients who signed informed consent. The Ethics Committee of the Sun Yat-sen Memorial Hospital approved the study and study design.
Database analysis
Long noncoding RNA (lncRNA) TP73-AS1 and microRNA-329-3p (miR-329-3p) or miR-329-3p and SMAD2 were investigated using the StarBase database (http://starbase.sysu.edu.cn) and the TargetScan database (http://www.targetscan.org) for cervical cancer tissues and cells.
Cell culture
Human normal cervical endothelial cells (NCEC) cultured from normal cervical surgical tissue. Cell lines included human embryonic kidney epithelial cells HEK293 (CRL-1573), human cervical cancer cell lines HeLa (CCL-2), SiHa (HTB-35), CASKI (CRM-CRL-1550) and C-33A (HTB-31), which were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). NCEC, HEK293, HeLa, SiHa and C-33A cells were cultured in Eagle's Minimum Essential Medium (EMEM) (SolarBio, Beijing, China) with 10% fetal bovine serum (FBS) SolarBio, Beijing, China) and dimethylsulfoxide (DMSO) (SolarBio, Beijing, China) at 37°C. CASKI cells were cultured in RPMI-1640 medium (SolarBio, Beijing, China) with 10% FBS and DMSO at 37°C.
Cell transfection
For cell culture, 1×10 5 /L of HeLa, SiHa, and HEK293 cells were seeded into 96-well plates and cultured for 24 h. When the cells became confluent, lncRNA TP73-AS1 small interfering RNA (siTP73-AS1), TP73-AS1, miR-329-3p-inhibitor, miR-329-3p or their negative control (NC) were added to the cells, which were transfected for 48h at 37°C using Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific, Waltham, USA). The siTP73-AS1 was designed and synthesized by RiboBio Co., Ltd. (Guangzhou, China). The sequences are shown in Table 1 . TP73-AS1 short hairpin RNA (shTP73-AS1) was also designed and synthesized by RiboBio Co., Ltd. (Guangzhou, China) according to the effective small interfering RNA (siRNA) target sequences (Invitrogen, Beijing, China), with the 5' end introduced into the Hpa I restriction site and the 3' poly T-tail introduced into the Xho I restriction site. The sequences of shTP73-AS1 are shown in Table 1 .
Quantitative real-time polymerase chain reaction (qRT-PCR)
The primer sequences ( Table 2 ) of lncRNA TP73-AS1, has-miR-329-3p, and SMAD2 were designed using Primer Premier 5.0 software (PREMIER Biosoft International, Palo Alto, CA, USA) and synthesized by Shanghai Sangon Biotech Co., Ltd. (Shanghai, China). Total RNA was extracted from cervical cancer tissues, normal tissues, and cells using a Total RNA Extraction Kit (SolarBio, Beijing, China), and then reverse-transcribed to form cDNA, according to the cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, USA). RT-PCR was performed using a One-Step RT-qPCR Kit (CWBIO, Beijing, China), and consisted of a total of 40 cycles including 95°C for 30s, 95°C for 5s, and 60°C for 30s. The relative expression levels of genes were expressed using the 2 -DDCt method [19] .
Cell proliferation assay
Transfected cells (2×10 4 cells/well) were added 10μl of MTT solution and using the MTT Cell Proliferation and Cytotoxicity Assay Kit (Beyotime, Shanghai, China) to incubate 4h at 37°C, and then formazan solution (Beyotime, Shanghai, China) was added followed by further incubation. Absorbance at an optical density of 490nm (OD490) was measured using a spectrophotometer (INESA Analytical Instruments Co., Ltd., Shanghai, China). Cells were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO, USA) for 15 min, washed in distilled water for 2 min, and then stained histochemically with crystal violet (Beyotime, Shanghai, China) for 10 min.
Cell migration assay
Transfected cells (2×10 4 cells/well) were incubated in 24-well plates with lineation overnight at 37°C, scratched, and then washed three times in phosphate buffer saline (PBS). Washed cells were cultured for 24 h at 37°C. The relative wound width was measured, photographed, and analyzed at 0 h and 24 h using microscopy (Leica Microsystems, Wetzlar, Germany) and ImageJ software (National Institutes of Health, Bethesda, MD, USA).
S CCGGCCGGTTTTCCAGTTCTTGCACCTCGAGGCCTCACAGGGAAACTTCATGTTTTTG
A AATTCAAAAACCGGTTTTCCAGTTCTTGCACCTCGAGGCCTCACAGGGAAACTTCATGC Table 1 . The sequences of siTP73-AS1 and shTP73-AS1.
S -sense; A -antisense.
Gene F/R Primer sequence (5' to 3') 
Cell invasion assay
The upper chamber of transwell plates included 80 μl of Matrigel (Gibco, Thermofisher Scientific, Waltham, MA, USA), which were incubated for 30 min at 37°C, and the transfected cells were added and incubated for a further 24h. The lower chamber of the transwell plates included 600 μl of FBS. Then, the liquid from the upper chamber was discarded, and the cells that did not pass through the polycarbonate membrane were removed with a cotton swab. Migrating cells were stained with hematoxylin (Sigma-Aldrich, St. Louis, MO, USA), and observed by light microscopy (Leica Microsystems, Wetzlar, Germany).
RNA immunoprecipitation assay (RIPA)
The HEK293 cells were washed twice with pre-cooled PBS and lysed with an equal volume of RIPA lysis buffer (Beyotime, Shanghai, China). RIPA wash buffer (Meixuan Biological Technology Co., Ltd., Shanghai, China) was used to prepare the magnetic beads. Then, 100 μl of cell lysate was added to the magnetic beads and resuspended in 900 μl of RIPA buffer (Meixuan Biological Technology Co., Ltd., Shanghai, China), and incubated overnight at 4°C. The magnetic bead and antibody complex were resuspended with proteinase K buffer (Meixuan Biological Technology Co., Ltd., Shanghai, China), and incubated for 30 min at 55°C, and washed in RIPA buffer, phenol, and chloroform (SolarBio, Beijing, China). Finally, salt solution and precipitate enhancer were added (Meixuan Biological Technology Co., Ltd., Shanghai, China) and anhydrous ethanol was also added and incubated at 80°C for 1h. After centrifuging, the precipitate was dissolved in diethylpyrocarbonate (DEPC) (Sigma-Aldrich, St. Louis, MO, USA) for further analysis.
Dual-luciferase reporter assay
HEK293 cells were transfected with the miR-329-3p mimic, the NC-mimic, empty pmiR-GLO-NC, pmiR-GLO-TP73-AS1wild type (WT), pmiR-GLO-TP73-AS1-mutant (MUT), SMAD2 3'UTR-WT, and SMAD2 3'UTR-MUT using Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific, Waltham, MA, USA), and the relative luciferase activities were measured using the Dual-Luciferase ® Reporter Assay System protocol (Promega, Madison, WI, USA).
Western blot
Cells were lysed with 80 μl of RIPA lysis buffer (Beyotime, Shanghai, China). The protein concentration was measured by the bicinchoninic acid (BCA) method. Total protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a nitrocellulose (NC) membrane. Then, the membrane was blocked with 5% dried skimmed milk powder for 2 h at room temperature and washed in PBS. The membranes were incubated in primary antibodies to SMAD2 (1: 1,000) (ab33875) (Abcam, Cambridge, MA, USA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1: 10,000) (ab181603) (Abcam, Cambridge, MA, USA) at 4°C overnight. Then, the secondary horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (1: 2,000) (Abcam, Cambridge, MA, USA) was added and incubated for 30 min at room temperature. The proteins on the membrane were detected using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).
Establishment of the subcutaneous tumor mouse xenograft model
Specific pathogen-free (SPF) female nude mice (n=12) (4-6 weeks old) weighing 18-22 gm were purchased from Beidaer Biological Co., Ltd. (Suzhou, China) and randomly divided into two groups. The transfected shTP73-AS1 or the non-transfected HeLa cell suspension was injected subcutaneously into the axilla of the nude mice. The xenograft tumor model was confirmed as established when subcutaneous nodules appeared that were larger than 5 mm in diameter. The tumor volume was measured every 7 days. All experiments were performed in accordance with Ethical Guidelines for Animal Care and Use Committee of Sun Yat-sen Memorial Hospital and approved by the Ethical Committee of Sun Yat-sen Memorial Hospital.
The nude mice were euthanized, and the tumor tissues were dissected, photographed, and weighed, and divided into two for qRT-PCR and immunohistochemistry.
Immunohistochemistry
Immunohistochemical staining was performed using a Super-Sensitive Horseradish Peroxidase Immunohistochemistry Kit (Sangon Biotech Co., Ltd., Shanghai, China) in accordance with the manufacturer's instructions. Positive cells showed yellow or brown immunostaining in the nucleus or cytoplasm. Immunostaining for Ki-67 was used as an internal control.
Statistical analysis
Correlation analysis between the mRNA expression level of TP73-AS1, miR-329-3p, and SMAD2 detected by qRT-PCR in cervical cancer tissues were analyzed using GraphPad Prism version 7.0 software (GraphPad Software, San Diego, CA, USA). Data processed using GraphPad Prism 7.0 software were expressed as the mean ± standard deviation (SD) (x±s) of at least three results and were compared using a paired-sample t-test. A P-value <0.05 was considered to be statistically significant. 
Results
Long noncoding RNA (lncRNA) TP73-AS1 was overexpressed in cervical cancer tissues and human cervical cancer cells Quantitative real-time polymerase chain reaction (qRT-PCR) was used to determine the expression level of lncRNA TP73-AS1 in cervical cancer tissue and cells. Figure 1A shows that the relative expression of lncRNA TP73-AS1 in the cervical cancer group was significantly higher compared with the normal group (p<0.001). The expression levels of lncRNA TP73-AS1 was significantly increased in HeLa, SiHa, CASKI, and C-33A cells when compared with NCEC cells (p<0.001) ( Figure 1B) . The expression level of lncRNA TP73-AS1 was increased most in HeLa cells, followed by SiHa cells, which were selected for further study.
Down-regulation of lncRNA TP73-AS1 inhibited cervical cancer cell proliferation
To investigate the effect of lncRNA TP73-AS1 on the proliferation of cervical cancer cells, siTP73-AS1 was transfected into HeLa and SiHa cells. Cell proliferation and migration studies were also performed. Figure 2A shows that the relative expression of lncRNA TP73-AS1 was significantly reduced in the siTP73-AS1 #1, #2, and #3 group compared with the siNC group in both HeLa and SiHa cells (p<0.001). These findings indicated that siTP73-AS1 was successfully transfected into the cells. However, the transfection efficiency of siTP73-AS1 #1 was high in both cells, and we selected siTP73-AS1 #1 in subsequent experiments.
The results of the MTT assay showed that the values of the optical density at 490 nm (OD490) in the siTP73-AS1 group were significantly lower than in the siNC group (p<0.001) ( Figure 2B ). Cell staining with crystal violet showed that HeLa and SiHa cell clone numbers were significantly reduced in the siTP73-AS1 group (p<0.001) ( Figure 2C ), which showed that TP73-AS1 knockdown inhibited cell proliferation. Figure 2D shows that the relative wound width was increased when siTP73-AS1 was transfected into HeLa and SiHa cells (p<0.001). Figure 2E shows that the number of migrating cells in the siTP73-AS1 group was less than that in the siNC group (p<0.001), indicating that lncRNA TP73-AS1 knockdown inhibited cell migration. Increased expression of lncRNA TP73-AS1 was associated with decreased expression of microRNA-329-3p (miRNA-329-3p)
In the study, data were included from the StarBase database, which showed that there was a binding site between lncRNA TP73-AS1 and miR-329-3p ( Figure 3A) . We tested whether TP73-AS1 could act as a sponge after overexpression of lncRNA TP73-AS1 in HEK293 cells (p<0.001). The findings from the RNA immunoprecipitation assay (RIPA) showed that the expression of the Ago2-miR-329-3p complex in the Ago2 group was more than that in the IgG group, and that the relative expression of lncRNA TP73-AS1 in the Ago2 group was higher than that in the IgG group (p<0.001) ( Figure 3B ), indicating that lncRNA TP73-AS1 could target miR-329-3p. Figure 3C shows that luciferase activity of the miR-329-3p mimic and the TP73-AS1-WT co-transfection group was significantly reduced (p<0.001), and that of the TP73-AS1-MUT group was unchanged. Also, correlation analysis was performed by qRT-PCR in cervical cancer tissues, and the results showed that miR-329-3p expression was negatively correlated with lncRNA TP73-AS1 expression (p<0.001) ( Figure 3D ). These data demonstrated that lncRNA TP73-AS1 could act as a sponge to regulate miR-329-3p expression.
SMAD2 was a target gene of miR-329-3p
The TargetScan database was used to determine whether SMAD2 was a potential target gene downstream of miR-329-3p ( Figure 4A ), and the targeting relationship was validated using the dual-luciferase reporter assay. The results showed that luciferase activity was significantly reduced when miR-329-3p mimic was co-transfected with SMAD2-WT (p<0.001) ( Figure 4B) . Also, qRT-PCR showed that the expression level of SMAD2 was decreased in the miR-329-3p group compared with miR-NC group, but was increased in the lncRNA TP73-AS1 group compared with the NC group in both HeLa and SiHa cells (p<0.001) ( Figure 4C ). Figure 4D shows that miR-329-3p down-regulated and lncRNA TP73-AS1 upregulated SMAD2 protein levels in HeLa and SiHa cells (p<0.05, p<0.01, or p<0.001). Figure 4E shows the expression of SMAD2 was negatively correlated with the expression of miR-329-3p and was positively correlated with the expression of lncRNA TP73-AS1 (p<0.01).
LncRNA TP73-AS1 promoted cell proliferation by regulating miR-329-3p expression
To determine the effects and mechanisms of lncRNA TP73-AS1 and miR-329-3p on cervical cancer cells, miR-329-3p inhibitors, NC inhibitors, siTP73-AS1, and siNC were transfected into HeLa and SiHa cells. Figure 5A shows that SMAD2 expression levels were down-regulated when lncRNA TP73-AS1 was knocked down, and upregulated when miR-329-3p was silenced in HeLa and SiHa cells (p<0.01). Upregulation of SMAD2 expression levels was reduced in the miR-329-3p inhibitor+siTP73-AS1 group compared with miR-329-3p inhibitor+siNC group (p<0.001). Also, the OD490 value and cell clone number in the miR-329-3p inhibitor+siNC group was significantly higher than that in the NC inhibitor+siNC group, but lncRNA TP73-AS1 knockdown inhibited these increases (p<0.001) ( Figure 5B, 5C ). Cell wound healing results showed that miR-329-3p inhibitors reduced wound width in cultures of HeLa and SiHa cells, and then siTP73-AS1 recovered these decreases (p<0.001) ( Figure 5D ). Also, the co-knockdown of miR-329-3p and lncRNA TP73-AS1 reduced the increase in the numbers of migrating cells following miR-329-3p silencing alone (p<0.001) ( Figure 5E ). These data showed that lncRNA TP73-AS1 promoted cell proliferation by sponging miR-329-3p expression.
LncRNA TP73-AS1 knockdown decreased tumor volume and down-regulated the expression of SMAD2 in tumor xenografts in vivo
Mouse xenograft models were used to assess the effects of lncRNA TP73-AS1 in vivo. Figure 6A shows the findings from qRT-PCR that shows that the expression of miR-329-3p in the shTP73-AS1 group was significantly increased compared with the shNC group (p<0.001), which showed that lncRNA TP73-AS1 knockdown increased the level of miR-329-3p. Tumor size, weight, and volume were significantly reduced in the shTP73-AS1 group (p<0.001) ( Figure 6B-6D) .
Immunohistochemistry of the mouse xenograft tumor tissue showed that SMAD2 protein levels were reduced in the shTP73-AS1 group compared with the shNC group ( Figure 6E ), indicating that lncRNA TP73-AS1 knockdown reduced cervical tumor volume and SMAD2 levels in vivo.
Discussion
Currently, many countries have established cervical cancer screening, which are effective in reducing morbidity and mortality from cervical cancer [20, 21] . These screening programs rely on the use of cervical smear cytology [20] . However, screening programs are costly, and the identification of objective, accurate, and convenient detection markers for cervical cancer continue to be sought [20] .
Recently published studies have reported several long noncoding RNAs (lncRNAs) associated with the pathogenesis of cervical cancer, including HOX transcript antisense RNA (HOTAIR) [22] , taurine upregulated gene 1 (TUG1) [23] , maternally expressed gene 3 (MEG3) [24] and EBIC [25] . Some of these lncRNAs have a role in promoting cancer, while others have anti-cancer effects [22] [23] [24] [25] . For example, lncRNA TUG1 is upregulated *** in cervical cancer and down-regulated in non-small cell lung cancer (NSCLC) [25, 26] . These findings indicate that the expression of lncRNA is tissue-specific and individualized, so they cannot be used as specific tumor markers for cervical cancer.
The findings from the present study showed that the expression of lncRNA TP73-AS1 was significantly increased in cervical cancer tissues and cell lines when compared with normal tissues and NCEC cells, and promoted cell proliferation, which is consistent with previous studies on lncRNA TP73-AS1 in other cancers [10, 12, 13] .
Also, microRNA-329-3p (miRNA-329-3p) acts as a tumor suppressor, and its down-regulation can accelerate the proliferation and migration of cervical cancer cells and is associated with prognosis in patients [15, 27] . One of the mechanisms of lncRNA is to competitively bind to miRNAs through spongelike adsorption, thereby inhibiting their further role in gene regulation [28] . Previous studies have shown that lncRNA TP73-AS1 modulates cell growth and proliferation by sponging miR-142, miR-200a, and miR-449a in glioma, breast cancer, and NSCLC [11, 12, 29] . Using StarBase database analysis, we found that there were seven binding sites between miR-329-3p and lncRNA TP73-AS1. The RNA immunoprecipitation assay (RIPA) was performed on HEK293 cell extracts using antibodies against Ago2, which is the core component of the RNA-induced silencing complex (RISC) [30] . The RIPA and dual-luciferase reporter assay results confirmed that lncRNA TP73-AS1 could target miR-329-3p. Also, knockdown of lncRNA TP73-AS1 reduced the increase in cell proliferation that resulted from down-regulation of miR-329-3p, which showed that lncRNA TP73-AS1 exerted its cancer-promoting effect by regulating the expression of miR-329-3p.
SMAD2 is a protein that plays a key role in embryogenesis. SMAD2 is abnormally expressed in nasopharyngeal cancer and cervical cancer, indicating that it is associated with malignant transformation and carcinogenesis [18, 31] . In this study, SAMD2 was confirmed as a target of miR-329-3p. The expression of SMAD2 was negatively correlated with miR-329-3p expression and positively correlated with lncRNA TP73-AS1 expression, supporting a role for SMAD2 in cervical cancer. To further explore the function of lncRNA TP73-AS1, we established a subcutaneous mouse xenograft model, which showed that lncRNA TP73-AS1 increased tumor volume and SMAD2 expression. These findings support the potential role for lncRNA TP73-AS1 as a biomarker for cervical cancer.
Conclusions
The findings of this study showed that long noncoding RNA (lncRNA) TP73-AS1 promoted cell proliferation in human cervical cancer cells by targeting microRNA-329-3p (miRNA-329-3p) to regulate the expression of SMAD2. The lncRNA TP73-AS1, miR-329-3p, and SMAD2 regulatory network might be an important regulatory mechanism and diagnostic target for cervical cancer. Future studies are needed to identify more lncRNAs and miRNAs that have inhibitory effects on cervical cancer cells.
